Rapid sand filtration (RSF) is an economical way to treat anoxic groundwater around the world. It consists of groundwater aeration followed by passage through a sand filter. The oxidation and removal of ferrous iron, which is commonly found in anoxic groundwaters, is often believed to be a fully physicochemical process. However, persistently low temperatures in RSF across Denmark may negatively affect the kinetics of chemical oxidation. The slower chemical oxidation of ferrous iron may increase the chances for iron bioconversion by neutrophilic iron-oxidizing bacteria (FeOB), which are found naturally in many environments. In this study, we used a combination of a cultivation-based opposing gradient enrichment technique and 16S rRNA gene targeted molecular tools to isolate, quantify and identify FeOB from a RSF. The microscopic quantification of selectively enriched FeOB cells revealed that in RSF, neutrophilic iron oxidizers were present at the level of up to 7 × 10 5 cells g À1 sediment. The spatial abundance and diversity of FeOB inferred by denaturing gradient gel electrophoresis fingerprinting differed greatly both between and within individual sand filters. The results suggest a larger than assumed role of FeOB in iron removal at waterworks using RSF technologies.
INTRODUCTION
Rapid sand filtration (RSF) has a widespread application for drinking water (DW) treatment in Denmark and other European countries. In general, RSF consists of three steps:
(i) aeration, (ii) pre-filtration, and (iii) post-filtration. The removal of surplus chemicals and gases (e.g. ammonium, iron, methane) from groundwater in RSF is either a physicochemical or biological process. The removal of naturally occurring ferrous iron from groundwater is an important process, as iron residues may cause clogging issues in water distribution systems, and change the taste of tap water. Ferrous iron bioconversion by environmental bacteria is a well recognized process. However, the extent of ferrous iron bioconversion in RSF under the circumneutral pH and low temperature of anoxic groundwater is still unknown. Under those conditions, ferrous iron can be transformed both via enzymatic- (Sobolev & Roden ) and autocatalytic- (Rentz et al. ) or self-accelerating oxidative mechanisms (Stumm & Morgan ) .
The intensive studies on chemical ferrous iron conversion revealed that iron is highly unstable in oxic environments (>200 μM O 2 ) at neutral pH, and is rapidly The understanding of the iron bioconversion process and its contribution to the overall removal of iron from groundwater has been limited by our ability to isolate and culture the majority of iron oxidizers under laboratory conditions. Iron-oxidizing bacteria (FeOB) are poorly presented in nucleotide sequence databases (Hedrich et al. ) . Moreover, functional gene documentation (Wang et al. ) is limited, emphasize the need for more intensive studies of FeOB, in order to predict their contribution to iron oxidation in RSF or similar environments.
Hence, the aim of this study was to investigate the abundance, diversity, and spatial distribution of FeOB in a highly oxic environment of RSF at waterworks. The neutrophilic FeOB were enriched and quantified by a standardized opposing-gradient technique. Morphologies and diversity were characterized by confocal microscopy (CLSM) and polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) techniques, respectively.
MATERIALS AND METHODS

Water and sediment material sampling
Water and filter material samples were collected at Islevbro, which is one of the largest waterworks in Denmark, supplying DW to the Copenhagen area. The ground water is subjected to RSF with the following treatment chain: aeration, prefiltration in a rock filter bed (particle diameter 10-20 cm), and after-filtration in 12 sand bed filters with coarse-grained sand (particle diameter 2-5 mm) overlaying a supporting gravel medium layer.
Samples were collected from all three units. Samples from the aeration chamber were collected by scalping the biomass from the mashed aeration tubes. Pre-filter samples were collected as sludge on the top of filter material.
Sampling of the after filter sand beds was more extensive, and included water and sand material taken just above, or within, top 10 cm of filter bed, respectively. Samples from two independent filters were collected from three random positions (triplicates) 1 h before and after backwashing practice. The first sampling was performed half way in a filter run length, which corresponded to approximately 8 days since last backwashing practice. In addition, bulk water samples were collected from the main stream line before the aeration chamber (called raw water) and between prefilter and afterfilter unit (called inlet water). Sampling was performed in August 2011 and samples transported on the ice, kept refrigerated and processed or permanently stored at À20 W C within 7 h. Microbial biomass in bulk water was harvested by filtration of 250 ml through a 0.2 μm pore size filter (Millipore) and stored at À20 W C. 
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RESULTS AND DISCUSSION
The presence, density, and diversity of FeOB across a water works was examined with a specific emphasis on their occurrence in the rapid sand filters. In general, the prevalence of chemical iron oxidation might be expected, if only pH and dissolved oxygen values were taken into account (Stumm & Morgan ), but the low groundwater temperatures (5-10 W C) would reduce chemical oxidation rates, increasing the opportunities for microbial iron oxidation.
The possibility for biological iron oxidation was confirmed by Gibbs free energy calculations (at 0-20 W C).
Estimations showed that thermodynamically, biological iron oxidation in RSF is possible (À7.32 to À6.03 kCal/mol) at neutral pH, even at ferrous iron concentrations as low as 0.015 mg/L. In addition, the microscopic analysis of bacterial cells enriched from pre-and after filters at Islevbro waterworks confirmed the presence of cell morphologies similar to the well-studied iron oxidizer Leptothrix sp. (Figure 1) .
The formation of brownish bands containing bacteria in gradient tubes with microbial inoculation was observed start- The density of FeOB ranged from 1.9 × 10 4 , 10 4 to 10 5 and 1 × 10 5 to 7 × 10 5 cells g À1 sand (wet weight) in a prefilter and two replicate after filter sand beds, respectively.
The variation in FeOB abundance was up to 10-fold different between different sampling points within after filter More FeOB cells were retrieved from macro-and medium pores by slow centrifugation in comparison with (Figure 3) . A sequence analysis of representative bands showed a high similarity (up to 100%) to formerly deposited sequences in GenBank (Table 1) , with most sequences belonging to the Proteobacteria. All currently identified oxygen-dependent neutrophilic iron oxidizers are Proteobacteria (Emerson et al. ) .
The short sequence length of obtained sequences (150 bp) limited the phylogenetic analysis at species level, however, allowed us to work at higher taxonomic levels (Schloss & Westcott ).
Comparison of DGGE profiles from different enrichments by PCA revealed that very few bands were present in more than a single enrichment from a RSF. The spatial heterogeneity of FeOB enrichment composition along with the spatial heterogeneity FeOB density (inferred from MPN), strongly suggest spatial variations within a single RSF which affects FeOB.
CONCLUSIONS
In summary, the present study showed that FeOB were abundant in the examined rapid sand filters (up to ca. 10 5 cells g À1 Table 1 | Phylogenetic affiliations of bacteria enriched by FeOB selective growth media. The position of bands on a DGGE gel is shown in Figure 3 Band no Closest relative Similarity (%) Phylum Accession number
